A number of in vitro studies have shown that activation of muscarinic receptors by cholinergic agonists stimulates the nonamyloidogenic, ␣-secretase-processing pathway of amyloid precursor protein (APP). To determine whether increased cholinergic neurotransmission can modify the APP processing in vivo, we administered a muscarinic receptor agonist (RS86) to normal or aged rats and rats with severe basal forebrain cholinergic deficits (induced by 192 IgG-saporin). The levels of the cell-associated APP in neocortex, hippocampus, and striatum, as well as the secreted form of APP (APPs) in cerebrospinal fluid, were examined by Western blots. Additionally, we investigated the association between the altered APP levels and behavioral deficits caused by cholinergic lesions. We found that treatment with muscarinic receptor agonist resulted in decreased APP levels in neocortex and hippocampus and increased levels of APPs in cerebrospinal fluid. Regulation of APP processing by the muscarinic agonist treatment occurred not only in normal rats, but also in aged and cholinergic denervated rats that model this aspect of Alzheimer's disease. Interestingly, we found that elevation of APP in neocortex correlated with the cognitive deficits in water-maze testing of rats with cholinergic dysfunction. These data indicate that increased cholinergic neurotransmission can enhance nonamyloidogenic APP processing in intact and lesioned rats and that APP may be involved in cognitive performance.
A number of in vitro studies have shown that activation of muscarinic receptors by cholinergic agonists stimulates the nonamyloidogenic, ␣-secretase-processing pathway of amyloid precursor protein (APP). To determine whether increased cholinergic neurotransmission can modify the APP processing in vivo, we administered a muscarinic receptor agonist (RS86) to normal or aged rats and rats with severe basal forebrain cholinergic deficits (induced by 192 IgG-saporin). The levels of the cell-associated APP in neocortex, hippocampus, and striatum, as well as the secreted form of APP (APPs) in cerebrospinal fluid, were examined by Western blots. Additionally, we investigated the association between the altered APP levels and behavioral deficits caused by cholinergic lesions. We found that treatment with muscarinic receptor agonist resulted in decreased APP levels in neocortex and hippocampus and increased levels of APPs in cerebrospinal fluid. Regulation of APP processing by the muscarinic agonist treatment occurred not only in normal rats, but also in aged and cholinergic denervated rats that model this aspect of Alzheimer's disease. Interestingly, we found that elevation of APP in neocortex correlated with the cognitive deficits in water-maze testing of rats with cholinergic dysfunction. These data indicate that increased cholinergic neurotransmission can enhance nonamyloidogenic APP processing in intact and lesioned rats and that APP may be involved in cognitive performance.
P
rogressive loss of cognition and memory is the predominant characteristic of Alzheimer's disease (AD) (1) . In AD, among several pathological features, extracellular deposition of amyloid ␤ peptide (A␤), neuronal tangles, and marked cholinergic cortical afferent dysfunction are fundamental (2) . In spite of an improved understanding of genetic correlates of AD, it is not understood how cognitive deficits, amyloid formation, and cholinergic degeneration may be interrelated. In this regard, a number of questions need to be elucidated, including whether amyloid precursor protein (APP) and its derivatives are involved in cognitive deficits and cholinergic dysfunction and, in turn, how the degenerating cholinergic system may influence the metabolism of APP. Trisomy 21 in Down's syndrome with an extra copy of the APP gene eventually causes AD-like neuropathology including cholinergic dysfunction and impaired cognition, suggesting a gene dose effect on the cholinergic system and cognitive processes (3, 4) . Experimental studies reveal that cholinergic function is altered in trisomy-16 mice, considered an animal model of human Down's syndrome (5) . Genetic studies show that transgenic mice overexpressing human APP can exhibit some learning and memory deficits with or without amyloid plaque formation (6) (7) (8) , indicating a potential direct role of APP and A␤ in the cognitive deficits. In contrast, secreted forms of APP (APPs) have potent memory-enhancing effects and can block learning deficits induced by scopolamine (9) . Intracerebroventricular (ICV) infusion of A␤ induces memory deficits accompanied by cholinergic dysfunction (10, 11) , and A␤ can inhibit cholinergic neurotransmitter function without apparent neurotoxicity (12) , providing a possible explanation for the involvement of the APP-related system in the cognitive processes. Nevertheless, several studies failed to observe impairments in learning and memory in APP transgenic mice (13, 14) , demonstrating that alterations of APP or A␤ may not be sufficient to create major cognitive abnormalities. Nonetheless, these studies suggest that APP and its derivatives participate in cognitive processes and cholinergic hypoactivity. However, the mechanisms involved are not fully understood.
In rats, it has been shown that lesions of the cholinergic nucleus basalis region of the brain with N-methyl-D-aspartate (NMDA) elevate APP mRNA and APP synthesis in the cerebral cortex, and this induction is rapid and persistent (15) . Transection of the cholinergic fimbria-fornix pathway also results in marked accumulation of APP in regions of cholinergic fiber denervations in the hippocampus (16) . More recently, we and others (17, 18) found that selective depletion of cholinergic neurons in the basal forebrain with 192 IgG-saporin elevated APP immunoreactivity in the cerebral cortex and hippocampus and increased APP levels correlated with decreased cholinergic activity. Furthermore, Rossner et al. (19) observed that levels of APPs decreased and cortical levels of full-length APP concomitantly increased in this cholinergic deafferentation model. Collectively, these observations imply that the integrity of cortical cholinergic function is important for the maintenance of normal APP levels as well as regulation of APP metabolism.
APP can be processed proteolytically via alternative pathways. In the ␣-secretase pathway, the cleavage occurs within A␤ domain and generates a large, secreted form of APP (APPs) and, therefore, precludes the formation of the amyloidogenic A␤ (20) . Cleavages at the N and C termini of A␤ domain by ␤-and ␥-secretase can yield A␤ (21, 22) . Proteolytic processing of APP can be regulated by a variety of neurotransmitter receptors, including acetylcholine, serotonin, glutamate, vasopressin, and bradykinin (23). Nitsch et al. (24) found that agonist stimulation of muscarinic receptors by carbachol increased APPs release in transfected cells expressing only M1 and M3 receptor subtypes. Stimulated secretion of APPs by muscarinic receptor activation is accompanied by the reduction of A␤ levels, suggesting a reciprocal relationship between the processing of APP into either a nonamyloidogenic or amyloidogenic pathway (25) . The effects of muscarinic M1 and M3 receptors on APP processing are mediated by the phosphoinositide secondary messenger system and protein kinase C (PKC) (26) . Activation of PKC with phorbol esters or constitutive up-regulation of PKC in rats results in enhanced secretion of APPs (27, 28) , whereas PKC Abbreviations: APP, amyloid precursor protein; APPs, secreted form of amyloid precursor protein; ICV, intracerebroventricular; PKC, protein kinase C; AD, Alzheimer's disease; A␤, amyloid ␤ peptide; CSF, cerebrospinal fluid; AChE, acetylcholinesterase.
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inhibitors block this effect (29, 30) . Elevated release of APPs by receptor stimulation is not affected by protein synthesis inhibitors, indicating that preexisting APP is cleaved (31) . However, increased APP processing by PKC activation is independent of direct APP phosphorylation, indicating that other proteins are phosphorylated and may be involved in APP processing (32) .
These in vitro data are intriguing; however, in vivo experiments have been lacking to determine the effects on APP processing of increased cholinergic neurotransmission. In an attempt to address this issue, we administered a muscarinic receptor agonist (RS86) to normal, aged, and also 192 IgG-saporin-lesioned rats with behavioral deficits. Western blot analysis was used to assay APP levels in different brain regions as well as APPs in cerebrospinal fluid (CSF). In 192 IgG-saporin-lesioned rats, we quantified cognitive deficits in a water-maze task system and their possible relationship to APP levels.
Materials and Methods
Experimental Design. We conducted three experiments. Experiment 1: a total of 20 adult female Sprague-Dawley rats (250-275 g; Charles River Breeding Laboratories) received 192 IgG-saporin lesions. Fourteen animals received no lesions and served as a control group. Six months postlesion, all animals were tested behaviorally in the Morris water maze. The animals then were divided into four balanced groups based on their latency score before treatment with a muscarinic receptor agonist or vehicle: lesion ϩ agonist (n ϭ 10), lesion ϩ vehicle (n ϭ 10), normal ϩ agonist (n ϭ 7), and normal ϩ vehicle (n ϭ 7). During an 8-day period of pharmacological treatment, the animals once again were tested in the Morris water maze (at 12 months postlesion) and sacrificed on the last day of testing. Experiment 2: a group of normal rats was treated with a muscarinic receptor agonist (n ϭ 10) and vehicle (n ϭ 10). CSF was taken from these rats. Experiment 3: a group of aged (27-month-old) male Fisher 344 rats (450-500 g; National Institute on Aging, Bethesda, MD) was treated with a muscarinic receptor agonist (n ϭ 10) or vehicle (n ϭ 8).
Lesion Surgery. Adult female Sprague-Dawley rats (n ϭ 20; Charles River Breeding Laboratories) received bilateral ICV injections of 192 IgG-saporin, a mAb directed against the low-affinity nerve growth factor receptor coupled to the ribosome-inactivating protein saporin (Chemicon). Each rat received a total of 5 g of toxin (1 g͞l dissolved in sterile PBS), 2.5 g per site, via a 10-l Hamilton syringe at the following stereotaxic coordinates: AP, Ϫ0.6; L, ϩ͞Ϫ1.5; V, Ϫ3.5; IB, Ϫ3.4 (all coordinates are relative to Bregma). All surgeries were performed under aseptic conditions in a Kopf stereotaxic frame (Kopf Instruments, Tujunga, CA). Beginning on the day of lesion surgery and for 1 week afterward, the animals were injected s.c. with sterile saline (0.9%) to combat weight loss and dehydration often associated with the lesion. Unoperated agematched rats (n ϭ 14) were housed in parallel.
Muscarinic Receptor Agonist Treatment. RS86 (gift from Novartis, Basel, Switzerland) is a putative muscarinic M1 receptor agonist (33) (34) (35) . Based on previous studies (33, 34) we selected a range of appropriate doses of RS86 to test in our behavioral paradigm. Rats were injected with different doses of RS86 (1, 2, 3, and 4 mg͞kg, respectively, dissolved in sterile saline) and were observed for peripheral side effects and toxicity every 10 min up to 1 hr from the time of injection. The rats injected with the higher doses (3 and 4 mg͞kg) showed severe salivation, hypothermia, lacrimation, respiratory distress, and diarrhea within 10 min, peaked at 30 min, and continued for 1 hr after injection. The animals receiving 1 and 2 mg͞kg showed minimal side effects and some salivation. Two animals given 3 or 4 mg͞kg showed eye irritation at 20 min after injection. The animals received the second injection 4 hr later. All the signs observed in the first injection appeared earlier after the second injection and continued for about 2 hr. Based on these observations, animals in all experiments reported here were injected twice daily with the following doses: 1.5 mg͞kg i.m. at approximately 9:00 a.m. and 2.0 mg͞kg i.m. 8 hr later, for 8 consecutive days. Control animals received an equal volume of saline (i.m.) at the same time intervals as the RS86-treated groups. All injections were done at the same time every day throughout the experiments.
Behavioral Testing in the Morris Water Maze. The behavioral testing was carried out in the Morris water maze as described previously by Lin et al. (17) (Poly-Track Video Tracking System; San Diego Instruments, San Diego), starting on the third day of drug treatment. Briefly, a 6-foot tank was filled with water at room temperature and a clear Plexiglas platform was submerged 1-2 inches underwater in the southwest quadrant of the pool. Each rat received six trials per day for 5 consecutive days, and each trial lasted a maximum of 60 sec. Animals were placed randomly in the tank from one of four fixed points (designated North, South, East, and West) and allowed to swim for 60 sec or until they escaped the task by finding the platform. On the last day of testing, the rats received an additional trial (spatial probe trial), where the platform was removed from the tank and the rats were allowed to swim for 60 sec. Total swim time (escape latency), distance to the platform, and time spent in the target quadrant were recorded for each rat for each trial.
Postmortem Procedures. Immediately before sacrifice, in Experiment 2 the group of normal rats treated with agonist or vehicle was placed in a stereotaxic frame (Kopf Instruments) under anesthesia with sodium pentobarbital (Sigma). The occipital foramen was exposed and a cannula was inserted into the cisterna magna. CSF (Ϸ100 l) was collected, frozen on dry ice, and kept at Ϫ70°C until Western blot assay for secreted form of APP. The brains were then removed and dissected on ice into cerebral cortex, hippocampus, and striatum for Western blot analysis. Animals in Experiment 1 were sacrificed with an overdose of sodium pentobarbital (i.p.). The brains were removed rapidly and the two hemispheres were separated. The left hemisphere was dissected immediately on ice into cerebral cortex, hippocampus, and striatum and stored at Ϫ70 for Western blot assay. The right hemispheres were postfixed in 4% phosphate-buffered paraformaldehyde (pH 7.4) at 4°C overnight and then cryoprotected in 20% sucrose in PBS. After equilibration, the brain hemispheres were sectioned coronally on a freezing sliding microtome in six series of 40-m-thick sections. Animals in Experiment 3 were sacrificed and the brains were dissected as described above for Western blots.
Histology and Immunohistochemistry. Free-floating sections from Experiment 1 were stained for choline acetyltransferase (ChAT). Using a standard avidin-biotin technique, the sections were incubated overnight at room temperature with primary antibody (1:2,000, polyclonal ChAT; Chemicon), followed by incubation in biotinylated, species-specific secondary antibody (1:200, Vector Laboratories) and avidin-biotin complex (Elite ABC kit; Vector Laboratories), both for 1 hr at room temperature. The sections were then developed in 3,3Ј-diaminobenzidine tetrahydrochloride dissolved in TBS (Tris-buffered saline; 0.05 M, pH 7.8) with 0.03% hydrogen peroxide added. Adjacent sections were stained for acetylcholinesterase (AChE) activity according to the method of Andra and Lojda (36) .
Western Blots. The antibody 22C11 (Boehringer Mannheim) raised against an N-terminal epitope of APP was used to determine the full-length APP in protein extracts obtained from brain tissues and the secreted form of APP in CSF. In some cases (see Results), Jonas (Boehringer Mannheim), a mAb directed against residues 643-695 in the C terminus of APP, was used to demonstrate the presence of full-length APP in protein extracts obtained from brain tissues as well as the absence of the C terminus in APPs in CSF. The tissue was homogenized by using a hand-held homogenizer in cell lysis buffer (50 mM Tris, pH 8.0͞150 mM NaCl͞5 mM EDTA͞1% Triton X-100͞10 g/ml aprotinin͞25 g/ml leupeptin͞10 g/ml pepstatin͞1 mM PMSF; all protease inhibitors were purchased from Sigma) and then sonicated. Homogenates were centrifuged at 14,000 ϫ g for 30 min at 4°C. The supernatant was collected and aliquots were stored at Ϫ70°C until assay. The samples of CSF were diluted to a concentration of 1 mg͞ml protein with PBS (0.1 M, pH 7.4) and incubated overnight at 4°C with 22C11 (1:1,000) . The immunocomplex was captured by incubating with protein GSepharose (Sigma) overnight at 4°C. To enhance immunoprecipitation, a bridging rabbit anti-mouse antibody (1:200) was added. The Sepharose beads then were collected by pulse centrifugation for 5 sec at 14,000 ϫ g and washed three times with PBS before being resuspended and dissociated in sample buffer. Samples containing equal amounts of total protein were boiled with SDS sample buffer and electrophoresed on 10% SDS-polyacrylamide gels. Proteins were electrophoretically transferred to polyvinylidene difluoride (PVDF) membranes (Bio-Rad). Membranes were blocked with 2.5% BSA in 0.1% TBS-T (0.05 M Tris-buffered saline, pH 7.4͞0.1% Tween 20) and then were incubated with 22C11 (1:500) overnight at 4°C. The secondary horseradish peroxidase-linked antibody (dilution, 1:6,000; Amersham) was visualized by enhanced chemiluminescence by using Kodak X-Omat films.
Densitometric Analysis. Quantitation of AChE activity and APP immunoreactive bands was performed by using densitometry. Images of AChE-stained sections were taken in two sections from each brain under the same conditions using a video camera, computer-assisted system (Adobe PHOTOSHOP program using Macintosh computer, Video Lumina Leaf system, Southborough, MA). Each region was sampled in duplicate within a standard box created by the computer monitor at 10ϫ for cerebral cortex and 5ϫ for dorsal hippocampus. Optical density (OD) was calculated by using an image analysis program (NIH IMAGE 1.61). Films of Western blots were scanned (Scanner ASTRA 1200S, UMAX Systems, Freemont, CA) by using Adobe PHOTOSHOP 4 (Adobe Systems, Mountain View, CA), and the OD of the APP bands was measured by using NIH IMAGE 1.61. The relative APP values were calculated by subtracting the background OD value from the measured OD of the APP bands. Groups used for statistical analyses were always determined within the same Western blot. Typically, the results were confirmed by duplicate.
Statistical Analysis. All statistical analyses were carried out by using the JMP program (version 3.1.6; SAS Institute, Cary, NC). The behavioral data were assessed by ANOVA and followed by TukeyKramer posthoc analysis when significant F-ratios were present. Densitometric data were compared between different groups for each brain region with an unpaired Student's t test, and differences between groups were considered statistically significant when P Ͻ 0.05. Regression analyses were performed with linear fit for two independent variables (JMP 3.1.6; SAS Institute).
Results

Effects of 192 IgG-Saporin Lesions and Muscarinic Receptor Agonist on
Behavior. Consistent with previous findings (37), bilateral ICV injections of 192 IgG-saporin against the low-affinity nerve growth factor receptor caused a severe and permanent reduction of AChE activity in cerebral cortex and hippocampus and a dramatic loss of ChAT neurons in the basal forebrain (90-95%). To determine the effects of muscarinic receptor agonist on memory performance, all animals in Experiment 1 treated with the muscarinic receptor agonist or saline were tested in the Morris water maze at 12 months postlesion. In the time to escape to the platform (escape latency), the rats treated with muscarinic receptor agonist did not significantly differ from those of rats treated with saline in either normal or 192-saporin-lesioned group during testing [for the statistical interaction: treatment ϫ days, F(4, 9) ϭ 0.18 and F(4, 15) ϭ 0.21, P Ͼ 0.05, respectively]. In the spatial probe trial at the end of training trials, all lesioned rats spent significantly less time in the target quadrant than normal rats (Table 1 ) and muscarinic receptor agonist treatments did not have any positive effect. Swim speed was not affected by the treatment throughout the testing [F(4, 29) ϭ 0.2, P Ͼ 0.05]. Notably, the percent time spent in the target quadrant correlated with postmortem AChE activity in the dorsal hippocampus in the lesioned rats treated with saline (regression analysis: r ϭ 0.66, n ϭ 10; P Ͻ 0.05).
192 IgG-Saporin Lesions and APP Western Blot Analysis. In the present study, the molecular mass of APP detected with 22C11 in protein extracts obtained from brain tissue is approximately 120 kDa (Fig.  1 ). This APP protein is similar to those identified as cell-associated, full-length of APP in rats (38) . An antibody (Jonas) directed against the C terminus of APP (39) reacted strongly with protein extracts prepared with the same procedure, demonstrating the presence of full-length APP in these samples.
In several cases 12 months post-192 IgG-saporin lesion, Western blot analysis revealed that APP levels were increased in the cerebral cortex and hippocampus (Table 2 ), but these changes did not reach statistical significance in this study when compared with unoperated, aged-matched controls. Also, APP levels in the striatum did not show significant changes in lesioned rats compared with controls (Table 2) . Interestingly, regression analysis showed that APP levels in the cerebral cortex positively correlated with the escape latency score obtained on day 5 in the water maze testing (regression analysis: r ϭ 0.77, n ϭ 8; P Ͻ 0.05) in lesioned rats treated with saline (Fig. 2) . No such correlation was found in unoperated control rats.
Effects of Muscarinic Receptor Agonist on APP Metabolism.
To determine the effects of muscarinic receptor agonist on APP metabolism, the groups of normal, 192 IgG-saporin-lesioned, and aged rats were treated with a muscarinic receptor agonist (RS86) identically (3.5 mg͞kg per day, i.m., for 8 days). The postmortem cell-associated, full-length APP were measured in tissue homogenates obtained from cerebral cortex, hippocampus, and striatum. The APPs was detected in CSF of normal rats.
In normal rats, Western blots analysis revealed that APP levels were reduced significantly by 28% (P ϭ 0.0002) in cerebral cortex and 45% (P ϭ 0.0001) in hippocampus of rats treated with muscarinic receptor agonist compared with those treated with vehicle (Table 3) . No such changes were found in striatum (Table  3) . To measure the levels of APPs in CSF, samples of CSF were immunoprecipitated and immunoblotted with 22C11. The levels of APPs were increased significantly in CSF treated with muscarinic receptor agonist compared with vehicle controls (Table 4) . To confirm that the APP detected with 22C11 in CSF is secreted in amino-terminal derivatives of APP, Jonas was used to examine 
APP in CSF.
No obvious immunoreactive bands were found in CSF with this antibody (data not shown), demonstrating that the secreted form of APP in CSF detected in the present study lacks C terminus as described previously (40) .
Effects of muscarinic receptor agonist on APP levels in 192 IgG-saporin-lesioned rats are shown in Table 5 . In these rats, treatment with muscarinic receptor agonist induced a dramatic reduction of APP in the hippocampus (47%; P ϭ 0.0001). However, the average reduction of APP levels seen in cerebral cortex (12%) and striatum (29%) was not significant.
Effect of Muscarinic Receptor Agonist on APP in Aged Rats.
To investigate whether the effects of muscarinic receptor agonist on APP levels found in normal rats described above could occur in aged rats; an experiment was conducted in a set of 27-month-old male fisher 334 rats. As in the previous experiments, reduction of APP protein occurred in cerebral cortex and hippocampus (44% and 37%; P Ͻ 0.05, respectively) in rats treated with muscarinic receptor agonist compared with age-matched vehicle controls (Table 6 ). APP changes in the striatum were not measured in these rats.
Discussion
The present study shows that in normal, aged, and 192 IgG-saporinlesioned rats, treatment with a muscarinic receptor agonist results in decreases in levels of the cell-associated, full-length APP in cerebral cortex and͞or hippocampus and concomitant increases in levels of APPs in CSF. These results indicate that APP processing can be regulated by in vivo muscarinic receptor stimulation. Furthermore, we find that APP levels correlate with behavioral deficits in 192 IgG-saporin-lesioned rats, suggesting that APP or APPrelated systems may also be involved in the cognitive performance (9, 23) . However, there were no positive effects of muscarinic receptor agonist treatment on behavioral performance with our experimental parameters.
192 IgG-Saporin Lesions and APP. Selective degeneration of the basal forebrain cholinergic neurons and amyloid deposition are central features in AD. A determination of how these two events may be interrelated in the development of AD becomes critical to understanding the pathogenesis of AD. In rats, injection of excitotoxins into nucleus basalis magnocellularis results in increased synthesis of both APP mRNA and APP protein in cholinergic-denervated cerebral cortex (15, 41) , and transection of fimbria-fornix similarly leads to increased immunoreactivity of APP in the hippocampus (16) . Moreover, APP accumulation is observed only in aged rats displaying behavioral deficits associated with reduced cholinergic activity (16) . These studies indicate that loss of cholinergic innervation can alter APP expression. More recently, a novel immunotoxin, 192 IgG-saporin, was developed to selectively destroy cholinergic neurons in the basal forebrain. This also provides a powerful tool to elucidate the relationship between cholinergic dysfunction and the APP-related system. We previously observed elevations in APP immunoreactivity in neocortex and hippocampus in rats with 192 IgG-saporin lesions (17) . This finding was replicated by another investigator (18) , who also confirmed that APP changes are negatively correlated with AChE activity. In many cases of saporin-lesioned rats in the present study, APP levels measured by Western blot analysis were elevated, but the average levels were not increased in a statistical analysis. Increased APP immunoreactivity in neocortex and hippocampus was found in a regional and cell layer-specific pattern (17, 18) . These regional elevations therefore may not be able to significantly change the average APP levels of the entire neocortex and hippocampus after selective cholinergic deafferentation.
Effect of Muscarinic Receptor Agonist on APP Levels and APP Pro-
cessing. The molecular and cellular mechanisms involved in the induction of APP by lesions of the cholinergic system are not well understood. Some studies suggest that reactive glial cells play a role in the induction of APP (16, 42, 43) . Levels of total APP mRNA are not altered significantly in rats with 192 IgG-saporin lesions (19, 44) , indicating that the increases in APP levels may be due to abnormal APP processing. Rossner et al. (19) found that reduced cholinergic activity by partial cholinergic lesions led to increased levels of the cortical full-length APP, and restoration of cholinergic activity by ICV transplantation of NGF-secreting fibroblast normalized the cortical APP levels, demonstrating that APP processing may be under cholinergic control. Until recently, however, few studies explored the effects of muscarinic receptor activation on APP metabolism in vivo. Here we show that, in rats, administration of a muscarinic receptor agonist results in significant decreases in APP levels in cerebral cortex and hippocampus as well as increases in APPs levels in CSF, indicating that treatment with muscarinic receptor agonist leads to an enhanced ␣-secretase pathway of APP processing. Notably, the regulation of APP processing by this treatment is found not only in normal rats but also in aged and cholinergic lesioned rats with behavioral deficits, which are analogous to those seen in AD. These findings suggest that proteolytic processing of APP can be regulated by treatment with a muscarinic receptor agonist under these in vivo conditions. APP processing is believed to play a central role in the amyloidogenesis of AD and Down's syndrome. Multiple external and internal signals can regulate APP processing (45) . A number of reports demonstrate that muscarinic acetylcholine receptors play a significant role in APP processing. Nitsch et al. (24) found that agonist stimulation of muscarinic receptors by carbachol increases APPs release in transfected cells expressing M1 or M3, but not M2 or M4 receptor subtype, indicating that the regulation of APP processing is receptor subtype-specific (46) . Further studies show that activation of muscarinic receptor not only accelerates APPs secretion, but also inhibits A␤ formation (25, 47) . M1 and M3 receptor subtypes are coupled to G protein and mediate their effects through the phosphoinositide cascade in which PKC is stimulated, whereas M2 and M4 subtypes are associated with the inhibition of adenylate cyclase (26) . Activation of PKC by phorbol esters greatly enhances the release of APPs, whereas inhibition of PKC can block this effect (25, 30, 48, 49) . Because PKC is involved in protein phosphorylation, it raises a question of whether activation of PKC increases phosphorylation of APP that leads to enhanced cleavage of APP. Recent evidence shows that activation of PKC does not increase APP phosphorylation, suggesting that APP regulation is independent of direct phosphorylation and, in fact, APP secretion proceeds in the absence of either cytoplasmic or extracellular phosphorylation (48) . These observations suggest that PKC activation led to phosphorylation and activation of additional kinases, which are involved in the regulation of APP processing (32) . Regardless of the mechanisms involved in the regulation of APP processing, our findings extend the in vivo observations of cholinergic regulation of APP metabolism and provide evidence that restoration of cholinergic function by increased cholinergic transmission can enhance the nonamyloidogenic pathway of APP processing. However, the absence of positive effects of this treatment on behavioral performance may be due to the peripheral side effects induced by this drug.
Correlation Between Cholinergic System, APP, and Behavioral Deficits.
Interestingly, we found that increased APP levels in cerebral cortex correlated with cognitive deficits observed in a water maze in 192 IgG-saporin-lesioned rats. Originally, this could be a direct reflection of the loss of cholinergic input and its effect on cognition (17, 18) . However, it has also been shown that transgenic mice overexpressing several isoforms of human APP develop age-dependent learning and memory deficits (7, 8, 50, 51) . Transgenic mice expressing the 751-aa isoform of human APP display ageddependent deficits in spatial learning in a water maze task and in spontaneous alteration in a Y maze along with A␤ deposition and aberrant tau protein expression (7) . Moreover, Hsiao et al. (8) found some memory deficits in parallel with A␤ elevation and amyloid plaques in transgenic mice overexpressing the mutant 695-aa isoform of human APP, which resemble those seen in AD (8) . Remarkably, cognitive deficits are observed along with A␤ accumulation as well as cell loss in the hippocampus in mice expressing the normal C-terminal 104 aa of APP (51) . Also, memory impairment is found in APP transgenic mice without significant elevation of A␤ (6) . These genetic studies suggest a potential role of elevated APP or A␤ in cognitive deficits. In contrast, APPs, thought to have neurotrophic and neuroprotective effects, can improve memory performance and block the memory deficits caused by scopolamine (9) . Taken together with the data shown here, this implies that APP and its derivatives may participate in cognitive processes. However, the mechanism whereby A␤ is linked to the cognitive impairment characteristic of AD remains unclear. In addition to neurotoxic effects, A␤ can potently inhibit cholinergic neurotransmission at low concentrations (picomolar and nanomolar) without apparent neurotoxicity, indicating that this capacity of A␤ might contribute to the dysfunction of cholinergic system associated with the memory impairment in AD (52) (53) (54) . Additionally, reduced glucose utilization in hippocampus was observed in APP transgenic mice with behavioral deficits (50) . A similar observation has been made in AD patients showing reduced levels of central nervous system-specific glucose transporters (55) . We also found significant decreases in glucose utilization in a number of regions including cortex and hippocampus in 192 IgG-saporin-lesioned rats with behavioral deficits (unpublished data), suggesting a role of impaired cellular energy systems in altered APP processing and cognitive deficits in AD.
In this study we determined that cognitive deficits induced by cholinergic lesions correlate with APP protein levels in the cerebral cortex and, moreover, that cholinergic muscarinic receptors participate directly in the regulation of APP metabolism. These findings provide a new perspective to the relationships between dementia, A␤ deposition, and cholinergic dysfunction in the progression of AD. The observed reductions of APP protein levels and increase in APPs secretion after muscarinic agonist treatment suggest that the use of selective M1 receptor agonists or other pharmacological agents to restore normal cholinergic function could be of value toward accelerating nonamyloidogenic processing, thereby reducing A␤ load in patients with AD and Down's syndrome. Alternatively, the biological restoration of cholinergic hypoactivity by intracerebral cholinergic cell transplantation potentially would ameliorate behavioral deficits as well as reduce A␤ formation. These hypotheses merit further investigation.
